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Structure of the transition state for folding of the 129 aa protein
CheY resembles that of a smaller protein, CI-2
Eva López-Hernández and Luis Serrano
Background: Protein engineering analysis has been used as a tool to determine
the structure of the transition state of two different proteins: CI-2 and barnase.
CI-2 belongs to the group of small, globular proteins with no disulphide bonds
that fold via a two-state mechanism. Barnase is a larger protein (110 aa) and
displays a folding intermediate. The structure of the transition state of both
proteins is quite different. Whereas in CI-2 no region is fully native and it looks
like an expanded form of the folded state, in barnase several regions are folded
and the rate-limiting step seems to be the consolidation of the hydrophobic core.
On the basis of these results, a unified scheme for the transition state of protein
folding has been presented. We decided to characterize the folding pathway, or
pathways, present in the / parallel family of proteins using one of the smallest
members, CheY (129 aa), as a model case.
Results: The folding pathway of CheY contains, as does that of barnase, a
kinetic intermediate. The picture obtained for CheY from the equilibrium and
kinetic analyses of several mutations scattered throughout the whole protein is
different from that found for barnase. On the basis of the experimental results
and the structure of CheY, the protein can be divided into two subdomains (from
-strand 1 to -strand 3 and from -strand 3 to the C terminus). Whereas the
structure of the first subdomain in the transition state resembles that found for
the CI-2 protein, the second subdomain is compact but unstructured. The
packing of the first -helix against -strands 1 and 2 seems to be the nucleus
around which the rest of the protein folds.
Conclusions: Comparison of the transition state of barnase with those of CheY
and CI-2 indicates that different proteins have different transition states, probably
depending on the energetics and the position of the rate-limiting step in the
folding pathway. CheY appears to fold through a nucleation/condensation
mechanism as has been found for CI-2. The rate-determining step in some multi-
modular proteins could be the formation of a stable domain, with the less stable
domains folding after the major rate-determining step.
Introduction
Understanding protein folding requires a precise knowl-
edge of the energies involved, as well as of the energy
surface during folding. Protein engineering [1] and/or
quenched-flow NMR [2] have been used as tools to provide
a structural description of the late events in protein folding
(the protein engineering method being the only one that
provides structural information about transition states [1]).
Two proteins have been studied in great detail by the
protein engineering method: barnase [3–10] and CI-2
[11–14]. More recently, the dimeric P22 Arc repressor
(p22arc) has also been analyzed using a similar approach
[15]. The behaviour of these proteins is quite different; CI-
2 and P22arc follow a two-state transition [11–16] and
barnase has a kinetic folding intermediate [4,5]. More
detailed analysis showed that in the transition state of
barnase, the majority of the interactions found in the folded
state are either present or absent and only the hydrophobic
core seems to be partly made [9]; in CI-2 and P22arc, there
are few, if any, interactions fully present or absent [14,15].
Experimental analysis of the folding reaction of several
other small proteins—-spectrin SH3 domain [17], IgG-
binding domain of protein G [18], cold-shock protein CpsB
[19], acyl-coenzyme A binding protein [20] and the activa-
tion domain of procarboxipeptidase A [21]—have shown
that small monomeric proteins (less than 80 aa) with no
disulphide bridges follow a two-state folding mechanism.
On the other hand, proteins larger than ~100 residues nor-
mally display kinetic folding intermediates [17,21]. It has
been proposed that the different behaviour of CI-2 and
barnase is due to a difference in size and substructure, as
CI-2 consists of only a single module [14] whereas barnase,
being multi-modular, consists of identifiable subdomains
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[9]. On the basis of these results, it has been postulated
[14,22] that small proteins, consisting of a single structural
module, should fold following the nucleation/condensation
model of protein folding [23], in which secondary and ter-
tiary structure are formed in parallel around an extended
folding nucleus. Larger proteins could fold by a multi-
nucleation/condensation process for its individual subdo-
mains followed by hierarchical assembly, consisting of
docking and consolidation of the domains [22]. To test this
hypothesis it is necessary to do the same type of approxi-
mation in other proteins. 
In this work, we have characterized the structure of the
unfolding transition state of CheY, the 129 aa / parallel
chemotactic protein from Escherichia coli [24]. This protein
functions as a phosphorylation-activated response regula-
tor that controls bacterial chemotaxis [24]. The three-
dimensional X-ray [25–27] and NMR [28,29] structures of
the protein are available and its thermodynamic [30] and
kinetic [31] characterization have been carried out in our
laboratory. A folding intermediate is detected in the
refolding reaction [31]. CheY has two main hydrophobic
cores on each side of the central five-stranded -sheet,
resulting from the packing of the five helices. There are
two trans-prolyl bonds and one cis-prolyl bond
(K109–P110) and no cysteine residues.
To determine the structure of the protein in the transition
state, we have introduced point mutations throughout the
whole protein and have analyzed the unfolding reaction of
all the mutant proteins and, in some cases, also the refold-
ing reaction. 
Results
Description of wild-type CheY and the different mutant
forms
In Figure 1a, we show the sequence of CheY with its sec-
ondary structure and the different residues mutated;
Figure 1b shows the disposition of the secondary structure
elements. CheY has a classic / parallel fold in which five
-strands are surrounded by five -helices. The three-
dimensional structures, determined by X-ray [25–27] and
NMR [28,29], are identical with the exception of some
regions in the loops [27]. The main differences found
between the different crystal and NMR structures are
located at the region comprising the end of -strand 4, the
following loop and the beginning of -helix 4. -Helix 4
does not have a proper N-capping residue and there is a
large cavity in the interface between this helix and the rest
of the protein [27]. This could account for the flexibility
observed in this region. 
Owing to the reversal in the direction of the polypeptide
chain after -strands 2 and 5, CheY can be subdivided into
two subdomains. The first subdomain comprises -helices
1 and 2 packing on opposite sides of -strands 1–3, and
the second comprises -helices 3–5 packing against -
strands 3, 4 and 5. This can be better illustrated by a
contact map (Fig. 2) in which the relative strength of the
van der Waals’ contacts are shown. In Figure 2, it can be
appreciated that the strongest contacts of the first 62
residues of CheY are with residues within this region,
whereas with the rest of the protein they are weaker.
There are two main hydrophobic cores in CheY, one on
each side of the -sheet. The first core comprises residues
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Figure 1
(a) Amino acid sequence of E. coli CheY and
secondary structure assignment following
Kabsch & Sander definition [42]. Those
residues that we have mutated are denoted by
an asterisk. (b) Schematic diagram showing
the secondary structure distribution in CheY.
-Helices are shown as circles and -strands
as triangles.
1 5
3 4
2 1 3 4 5
   TT  SSSS T HHHHHHHHHHHHHHT   SSSSTTHHHHHHHHHH    SSSSST  TTT HHHHHHHH
MADKELKFLVVDDFSTMRRIVRNLLKELGFNNVEEAEDGVDALNKLQAGGYGFVISDWNMPNMDGLELLKTI
         *****      * *         *  * *** *     *     ** *   *  *       *
HH TTTTT  SSSSSTT  HHHHHHHHHTT TSSSSTT  HHHHHHHHHHHHHHHT
RADGEMSALPVLMVTAEAKKENIIAAAQAGASGYVVKPFTAATLEEKLNKIFEKLGM
 * **     *             *** * *   **   ***        *    *
2
L6, F8, V10, M17, V21, L24, L25, L28, F30, V33, F53,
I55, L84, V86, V107, F111, A113, L116, L120, I123, F124
and M129, whereas residues L9, V11, A36, A42, L46, I51,
V54, S56, W58, M60, L68, L69, I72, L81, V83 and M85
are part of the second hydrophobic core. The second core
is more diffuse and has a polar buried residue (S56)
without a hydrogen bond partner. 
We have used six different types of mutations as probes to
monitor CheY folding and unfolding reactions: A→G,
G→A, N-caps→A and N-caps→G (N-caps being the first
residue whose C lies on the -helix axis) [32], V→T,
I→V and D→A (for the three aspartic acid residues in the
active site). The mutations were chosen so that more than
one probe was present for each secondary structure
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Figure 2
Diagram showing the relative strength of the van der Waals’ contacts in CheY [43]. The darker the dots, the stronger the contact.
element and/or hydrophobic core. Some of the probes
interact almost exclusively with residues in the secondary
structure element and consequently report on its integrity
along the folding reaction (F14, N23, D64, A74, G76, A99,
T112, A114). Those in the core of the protein report
mainly on the formation of the tertiary structure. Table 1
shows the contacts made by the deleted or modified
groups with the main chain and/or sidechains of other
residues in the protein, as well as the relative solvent
accessibility of the mutated groups. 
Thermodynamic characterization of the mutants
As wild-type CheY is very unstable and tends to aggregate
upon destabilization, we have studied most of the muta-
tions on the more stable F14→N mutant [33]. In all of the
mutants, the purified protein eluted on a molecular weight
column as a monomer (data not shown). CheY has been
shown to follow a two-state model of protein folding at
equilibrium when the protein is denatured by urea or
guanidinium hydrochloride [30]. In the transition region,
however, there is a minor amount of 8-anilin 1-naphtha lin-
sulfonic acid (ANS) binding [30], suggesting the presence
of a small population of an equilibrium intermediate. Kin-
etic analysis of the wild-type protein has shown the exis-
tence of a folding intermediate accumulating at low urea
concentrations [31]. The F14→N mutation abolishes ANS
binding in the transition region and destabilizes the kinetic
folding intermediate with respect to the transition state
[31]. In this mutant, the folding reaction can be approx-
imated to a two-state folding model (V Muñoz, P Cronet,
E López-Hernández, & L Serrano, unpublished data).
The denaturation curves were determined twice for each
mutant and analyzed as indicated in the Materials and
methods. The A→G and N-cap mutations have been
described previously [33] and we show here their changes
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Table 1
Location, accessibility and contacts made by the deleted or modified chemical groups in the different mutant forms of CheY.
Residue Location Backbonea Sidechaina % Accessible surfacea
V10→T;F14→N Beta1 R18, E34 R18, V21, L25, V33 3.1
V11→T;F14→N Beta1 L9, A36, D38, G39 L9, A36, A42, V54, 0.0
I55 S56, M60, L68
D12→A Coil F14 F14, M17, D57, K109 1.9
D13→A Turn N59 M60, P61 35.0
F14→A Coil D12 79.3
V21→T;F14→N Helix1 M17 V10, M17, L25, I55, F111 3.7
N23→G;F14→N Helix1 R19, I20 R19, K26 57.3
V33→T;F14→N Beta2 F8, R22, F30, N31 F8, V10, R22, L25 1.0
A36→G;F14→N Beta2 D38, D41, A42 L9, V11, D41, A42, K45 0.0
D38→A;F14→N N-cap V40, D41, P61 V40, D41, N62 11.3
D38→G;F14→N N-cap V40, D41, P61 V40, D41, M60, P61, N62 8.9
G39→A;F14→N Helix2
V40→T;F14→N Helix2 N44, M63 54.2
A42→G;F14→N Helix2 D38, G39 L9, V11, A36, L68 0.0
V54→T;F14→N Beta3 L9, S56, P82 V11, L46, S56, I72, L81 0.0
I55→V;F14→N Beta3 F8, V21, L25 0.0
D57→A Beta3 N59, V86, D12, N59, V86, K109 3.4
P61→G Turn D13, D38 48.0
D64→A;F14→N N-cap W58, L66, E67 L66, E67 55.5
I72→V;F14→N Helix3 L68 L46, V54, L68, V83 0.0
A74→G Helix3 K70, T71 75.0
G76→A;F14→N Turn
V83→T;F14→N Beta4 V54, L81 V54, L69, I72, R73, M85 1.6
A97→G;F14→N Helix4 E93, N94 W58, L66 41.0
A98→G;F14→N Helix4 N94, I95 W58, A103 4.3
A99→G Helix4 I95, I96 66.4
A101→G Turn A97, A98 L66, L69, K70 7.6
A103→G;F14→N Coil V83, A98, A99, G105 L69, A98 4.3
V107→T;F14→N Bets5 M85, V86 L84, V86, F111, T115, K119 2.9
V108→T;F14→N Beta5 T87, A88, A90 T87, A90 35.0
T112→A;F14→N N-cap A114, T115 A114, T115 56.0
T112→G;F14→N N-cap A114, T115 A114, T115 64.7
A113→G Helix5 L24, E27, L28 16.5
A114→G Helix5 T112 89.1
I123→V;F14→N Helix5 S104, G105, K119 F53, L84, S104 0.0
aCalculated using the program Whatif [44].
in stability (Tables 2,3) for comparative purposes. In Table
2, we show the free energy of unfolding in water (GH2O)
and the m values for the single mutants, and in Table 3 we
do the same for the F14→N;X→Y double mutants. As has
been found in barnase and CI-2, the values for the slope m
vary by ±6% and, therefore, the differences for all of the
mutants except D13→A, D38→A;F14→N, D38→G;
F14→N, D57→A, A36→G;F14→N, V10→T;F14→N and
V54→T;F14→N can be considered a result of experimen-
tal uncertainty. In the case of the D13→A and D57→A
mutant forms, we have X-ray structural evidence indicat-
ing that the structure of the folded state has not changed
significantly (M Sola, E López-Hernández, L Serrano &
M Coll, unpublished data). 
For some types of mutations, some general trends can be
observed, indicating that small differences in the slope m
could be real. This is the case for the V→T mutations, in
which the equilibrium m value is smaller in the majority of
cases (all the completely buried valine residues), with the
exception of V33→Τ;F14→N and V40→T;F14→N. The
sidechain of V40 is quite solvent-exposed and mutation to
threonine does not bury the hydroxyl group. In the case of
V33, its C1 and C2 groups are almost completely buried,
but the sidechain is very close to the surface and upon
mutation to threonine, a small rotation of its sidechain will
result in a hydrogen bond with the sidechain of R22. With
respect to the other V→T mutations with m values within
the experimental error (V11→T;F14→N, V21→T;
F14→N, V83→T;F14→N and V108→T;F14→N), the
differences in the m value are of similar magnitude
(around 1.67 versus 1.8) to the V34→T and V60→T
mutants of CI-2 (1.65±0.08 and 1.63±0.14, respectively,
versus 1.90±0.03 in the wild-type protein) [22]. This sug-
gests that these changes in m could be due to the different
solvation energies of threonine and valine.
A gross relationship exists between the accessibility of the
valine sidechain and the change in free energy (data not
shown), as has been previously described [7,34]. However,
the changes in free energy in CheY are much larger for
two of the V→T mutations (V10→T and V54→T,
~5 kcal mol–1), due to a large change in the m value.
Unfolding kinetics
Tables 2 and 3 show the variation of the natural logarithm
of the unfolding rate constant versus urea, m‡, and ln(ku)
for the different mutants. Over the range of urea values
analyzed, the plots of the ln(ku) versus urea are not per-
ceptively curved, except when approaching the transition
region in which the effect of the cis–trans K109–P110 iso-
merization is seen (data not shown) [31]. As in the equilib-
rium experiments, the values for the slope m‡ vary by
±6%. Taking this into account, the majority of the mutants
have m‡ values within the range observed in the wild-type
protein. The main exceptions are D13→A,
V21→T;F14→N, D38→A;F14→N, D38→G;F14→N,
V54→T;F14→N, V83→Τ;F14→N, T112→A;F14→N and
T112→G;F14→N (Tables 2,3). In the case of D13→A,
D38→A and D38→G, the slope is higher than in the wild-
type protein, whereas in the other mutants the slope is
smaller. All these mutants also have differences in the m
value in equilibrium in the same direction observed in
unfolding kinetics. Considering that the structure of the
folded state has not changed, these differences should be
due to a shift of the transition state in the folding reaction
coordinate getting either closer to the folded state (smaller
m‡ value; V21→T;F14→N, V54→T;F14→N, V83→T;
F14→N, T112→A;F14→N andT112→G;F14→N), or
further away (higher m‡ value; D13→A, D38→A;F14→N,
D38→G;F14→N). All of these mutations, except
D38→A;F14→N and D38→G;F14→N, follow the
Hammond postulate [10]. A significant destabilization of
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Table 2
Kinetic and thermodynamic parameters for the wild-type and mutant forms of CheY.
ln(ku)d m‡e GH2Of mg 1–Uh
(s-1) (kcal M-1 mol-1) (kcal mol-1) (kcal M-1 mol-1)
WT –5.7±0.1 0.47±0.01 –5.6±0.1 1.60±0.05 —
WT(PO4)a –4.5±0.1 0.48±0.01 –5.2±0.3 1.60±0.10 —
D12→A –7.3±0.7 0.50±0.06 –8.1±0.3 1.64±0.05 0.62±0.06
D13→A –8.0±0.2 0.59±0.01 –8.3±0.3 1.81±0.06 0.50±0.01
F14→A –7.2±0.2 0.52±0.01 –6.4±0.2 1.67±0.05 –0.11±0.01
D57→A –8.3±0.4 0.51±0.02 –9.0±0.4 1.79±0.09 0.55±0.01
P61→G –4.7±0.1 0.52±0.01 –5.0±0.2 1.58±0.06 0.01±0.01
A74→Gb –5.1±0.1 0.47±0.01 –5.3±0.2 1.60±0.05 –0.08±0.02
A99→Gb –4.6±0.1 0.50±0.01 –5.1±0.2 1.58±0.06 –0.30±0.03
A101→Gb –4.0±0.1 0.53±0.01 –4.6±0.2 1.55±0.06 –0.07±0.01
A113→Gab –3.3±0.1 0.46±0.01 –4.3±0.2 1.60±0.10 0.18±0.01
A114→Gbc –4.5±0.1 0.44±0.01 –4.8±0.1 1.52±0.03 0.11±0.01
WT, wild-type. aProteins analyzed in 5 mM sodium phosphate pH 7.0.
bPreviously published [33]. cNew values for those mutants previously
published [33]. dNatural logarithm of the unfolding rate constant
linearly extrapolated to water. eDependence of the natural logarithm of
the unfolding rate constant with urea. fEquilibrium free energy of
unfolding measured by urea denaturation. gVariation of the free energy
of denaturation with urea concentration. hThe U was calculated as
indicated in the text.
the folded state moves the transition state closer in struc-
ture to the folded state and therefore the slope m‡ is
smaller (V21→T;F14→N, V54→T;F14→N, V83→T;
F14→N, T112→A;F14→N and T112→G;F14→N). The
opposite is also true, that a significant stabilization of the
folded state should move the structure of the transition
state far from that of the folded state (D13→A and, possi-
bly, D57→A and D12→A, although in the latter two cases
the increase in m‡ is within the experimental error). In the
case of D38→A;F14→N and D38→G;F14→N, the possi-
bility is that by destabilizing helix 2, which seems to be
partly present in the transition state (see below), we are
modifying the structure of the transition state so that it is
more solvent-exposed.
Analysis of the m‡ values
The m‡ value is related to the difference in hydrophobic
surface exposed to the solvent between the folded and
transition states [15] and can be compared to the equilib-
rium m value to determine the position of the transition
state in the reaction coordinate. In wild-type CheY, a
value of 0.3 for the ratio m‡:m indicates that the transition
state buries approximately 70% of the surface exposed in
the unfolded state. In the pseudo-wild-type F14→N
protein, this ratio is 0.26, being closer to that of barnase
(75% of the hydrophobic surface exposed in the unfolded
state is buried in the transition state). This difference does
not affect the kinetic analysis, as every mutant is com-
pared to the appropriate reference (all the double mutants
are compared with the pseudo-wild-type F14→N mutant).
The ratio m‡:m for all the mutants is similar within the
experimental error (data not shown), except for the
V10→T;F14→N mutant for which it is significantly
higher (0.45). However, the slope m‡ of this mutant is
similar to that of the wild-type protein, suggesting that
this mutation significantly destabilizes the structure of the
folded and transition states, bringing them closer to the
intermediate or unfolded states. 
Structure of the transition state
In the protein engineering method, different mutations
are introduced into a protein to remove interactions made
by a particular sidechain group, or groups, with the rest of
the protein (for a review, see [1]). The difference in
energy between the folded and unfolded states is
obtained by equilibrium denaturation (GF–U), and the
changes in free energy of the transition state with respect
to the folded state (GF–‡) are measured by kinetics.
The ratio between these two terms is defined as u. The
ratio between (GF–U) and (G‡–U) is termed f.
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Table 3
Kinetic and thermodynamic parameters for the F14→N pseudo-wild-type and double mutant forms of CheY.
ln(ku)b m‡c GH2Od me 1–Uf
(s–1) (kcal M–1 mol–1) (kcal mol–1) (kcal M–1 mol–1)
F14→N –6.6±0.1 0.47±0.01 –8.5±0.3 1.80±0.07 —
V10→T;F14→N –3.6±0.6 0.49±0.02 –2.8±0.2 1.10±0.08 0.65±0.01
V11→T;F14→N –4.9±0.1 0.46±0.01 –5.3±0.1 1.69±0.05 0.67±0.01
V21→T;F14→N –8.5±0.3 0.40±0.03 –8.3±0.2 1.65±0.04 –4.65±2.4
N23→G;F14→N –7.4±0.1 0.50±0.08 –8.5±0.3 1.86±0.07 –3.70±7.4
V33→T;F14→N –6.4±0.1 0.47±0.01 –7.0±0.2 1.80±0.06 0.89±0.12
A36→G;F14→Na –5.3±0.1 0.46±0.02 –5.4±0.1 1.60±0.04 0.75±0.01
D38→A;F14→Na –3.3±0.4 0.56±0.05 –6.6±0.3 1.87±0.08 –0.03±0.01
D38→G;F14→Na –5.9±0.1 0.57±0.01 –7.5±0.2 1.81±0.05 0.60±0.01
G39→A;F14→Na –4.9±0.1 0.51±0.02 –7.5±0.2 1.69±0.03 0.03±0.01
V40→T;F14→N –5.5±0.1 0.49±0.01 –7.8±0.2 1.82±0.05 0.03±0.01
A42→G;F14→N –5.4±0.1 0.49±0.02 –6.2±0.2 1.73±0.04 0.68±0.01
V54→T;F14→N –2.7±0.1 0.39±0.01 –3.7±0.1 1.39±0.05 0.52±0.01
I55→V;F14→N –4.8±0.1 0.48±0.02 –7.0±0.2 1.80±0.05 0.30±0.01
D64→A;F14→Na –5.1±0.1 0.50±0.01 –7.5±0.2 1.74±0.04 0.11±0.01
I72→V;F14→N –4.1±0.2 0.50±0.03 –7.0±0.2 1.82±0.05 0.05±0.01
G76→A;F14→N –7.7±0.3 0.46±0.03 –9.0±0.3 1.77±0.05 –0.26±0.05
V83→T;F14→N –0.9±0.2 0.37±0.02 –5.0±0.1 1.57±0.04 0.03±0.01
A97→G;F14→Na –4.1±0.3 0.50±0.04 –7.1±0.3 1.77±0.07 –0.07±0.01
A98→G;F14→Na –4.5±0.1 0.49±0.01 –7.2±0.2 1.76±0.05 0.03±0.01
A103→G;F14→Na –3.5±0.2 0.47±0.03 –6.8±0.2 1.75±0.04 –0.08±0.01
V108→T;F14→N –4.9±0.1 0.44±0.01 –7.5±0.2 1.72±0.04 0.02±0.01
T112→A;F14→Na –3.9±0.1 0.41±0.01 –7.0±0.5 1.68±0.10 –0.07±0.01
T112→G;F14→Na –5.1±0.1 0.37±0.01 –7.5±0.4 1.68±0.09 0.12±0.01
I123→V;F14→N –5.3±0.2 0.45±0.02 –7.7±0.3 1.83±0.07 0.12±0.01
aPreviously published [33]. bNatural logarithm of the unfolding rate
constant linearly extrapolated to water. cDependence of the natural
logarithm of the unfolding rate constant with urea. dEquilibrium free
energy of unfolding measured by urea denaturation. eVariation of the
free energy of denaturation with urea concentration. fThe U was
calculated as indicated in the text. 
f = 1 – u (1)
A f value of 1 indicates that the transition state is altered
by the mutation to the same extent as the folded state,
and the opposite when it is 0. Fractional values are more
difficult to interpret as they cannot be directly related 
to the extent of structure formation in the transition
state [1,35].
The  analysis involves three major assumptions that
need to be fulfilled: the structure of the folded or
unfolded states should not change significantly, the fold-
ing pathway should not be modified, and the target groups
should not make new interactions with new partners
during the course of reaction [1,6]. These assumptions are
especially important when the  values are neither 1 nor
0. Further, the existence of a significant population of an
equilibrium intermediate in the folding transition region
could lead to errors in the estimation of the unfolding free
energy of the mutant, due to artefactual changes in m and,
consequently, to an error in the estimation of .
As we have seen above, in the majority of the mutations
the values of the slopes m and m‡ are similar to the wild-
type protein, within the experimental error, thus showing
that the first two conditions are fulfilled and that we are
not significantly altering the population of an equilibrium
intermediate. In some cases, however, the m value
changes, probably indicating changes in the population of
the intermediate. In all these cases (D13→A, D38→A;
F14→N, D38→G;F14→N, D57→A, A36→G;F14→N,
V10→T;F14→N and V54→T;F14→N), the  analysis in
the unfolding reaction shows values between 1 and 0. An
upper limit for the u value in these mutants can be calcu-
lated using the urea values for the mutants at which half of
the protein is denatured and the slope of the wild-type
protein. This upper limit is for all these mutants still a
fractional value. We can conclude, therefore, that the
interactions probed with these mutations are indeed partly
made, but we cannot infer the degree of formation from
this analysis.
The majority of the mutations analyzed here have f
values close to 0 or intermediate, the only exception being
the mutation V33→T (Table 4). Interestingly, in two
mutations located in helix 1 (V21→T and N23→G), the f
value is negative and larger in absolute value than 1. This
means that we have significantly modified the free energy
of the transition state with respect to both the folded and
unfolded states in these two mutants.
Analysis of the interactions made by the groups we are
deleting or changing and the location of the mutated
residues (Table 1) in relation to the f values offers an
interesting picture of CheY transition state (Fig. 2). It
seems that all the mutations producing f values that are 1
or intermediate, as well as those mutations producing sig-
nificant negative  values, are located in the first half of
the molecule (-strands 1–3 and helices 1 and 2), with
deleted groups that are contacting residues in -strands 1
or 2 and/or helix 1 (see Table 1 and Fig. 3). There are
three mutations located in this region, F14→A, D38→A
and G39→A, that have f values of 0. However, the
mutated groups are either completely exposed (F14) or
they are not interacting with -strands 1 or 2 and/or helix
1. All those mutations that resulted in a f value equal or
close to 0 are located in the region including 3 to the end
of the molecule, and the deleted groups are not contacting
-strands 1 and 2 and/or helix 1 (Table 1 and Fig. 3). 
Refolding kinetics
As we have seen above, mutations V21→T and N23→G
seem to have negative  values when comparing their
unfolding kinetics with the equilibrium data. To check
that this is not the result of experimental error, we have
performed refolding kinetics for these two mutants and for
the pseudo-wild-type protein F14→N (data not shown).
The refolding kinetics of CheY are complicated by the
fact that there is a cis-prolyl bond in the native state and,
consequently, the folding reaction is dominated by the
slow trans–cis isomerization of the K109–P110 bond [33].
To be able to follow the refolding kinetics of the protein
with all the prolyl bonds in the native conformation,
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Table 4
Comparison between the thermodynamic and kinetic unfolding and refolding parameters for the different mutants on α-helix 1.
Mutations ln kfa mfb ln kuc mud mkine meqf Gking Geqh
(s–1) (kcal mol–1 M–1) (s–1) (kcal mol–1 M–1) (kcal mol–1 M–1) (kcal mol–1 M–1) (kcal mol–1) (kcal mol–1)
F14→N 9.3±0.2 –1.28±0.03 –6.6±0.1 0.47±0.01 1.75±0.04 1.80±0.07 –9.4±0.2 –8.5±0.3
V21→T;F14→N 7.0±0.3 –1.16±0.05 –8.3±1.0 0.37±0.06 1.53±0.10 1.65±0.04 –9.1±0.8 –8.3±0.2
N23→G;F14→N 7.9±0.1 –1.22±0.02 –7.4±0.1 0.50±0.01 1.72±0.02 1.86±0.07 –9.1±0.1 –8.5±0.3
aNatural logarithm of the refolding rate constant linearly extrapolated to
water. bDependence of the natural logarithm of the refolding rate
constant with urea. cNatural logarithm of the unfolding rate constant
linearly extrapolated to water. dDependence of the natural logarithm of
the unfolding rate constant with urea. eVariation of the free energy of
denaturation with urea concentration obtained from the kinetic data.
fVariation of the free energy of denaturation with urea concentration.
gKinetically determined free energy of unfolding. hEquilibrium free
energy of unfolding measured by urea denaturation. 
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Figure 3
Ribbon diagram of CheY showing the  values on a colour code. The
sidechain groups of those residues that have a  value of 1 are red,
those that are between 0.8 and 0.3 are yellow, and those that have a 
value of less than 0.3 are shown in blue. The two cases in which the 
value indicates that we have modified the structure of the transition
state are shown in magenta. 
double-jump experiments were performed. In the case of
the F14→N pseudo-wild-type, the kinetic intermediate is
quite destabilized and above 3 M urea the folding reaction
follows a two-state model (E López-Hernández, P Cronet,
L Serrano & V Muñoz, unpublished data). Fitting of the
fast phase (2) between 3 and 10 M urea follows the
equation:
2 = ln {kf* exp (mf* [urea]/RT) + ku* exp (mu* [urea]/RT)} (2)
where kf is the fast refolding rate constant in water, ku is
the unfolding rate constant in water, mf is the variation of
the natural logarithm of the fast refolding rate constant
with urea and mu is the variation of the natural logarithm
of the unfolding rate constant with urea. This allows us to
calculate the free energy of unfolding Gkin and the
slope m:
Gkin = –RT ln (kf/ku) (3)
m = (mu – mf) (4)
Table 4 compares the thermodynamic and kinetic values
for V21→T;F14→N and N23→G;F14→N mutants. The
kinetic values for G are larger than those obtained from
equilibrium, because we are taking into consideration only
the fast phase. This neglects the effect on stability of P110
isomerization, which has been calculated in the wild-type
protein to be 1 kcal mol–1. This effect should be indepen-
dent of mutation and therefore constant for all the
mutants. Taking this effect as constant in all the mutants,
the thermodynamic and kinetic parameters render similar
values within the experimental error. The interesting
point is that the refolding kinetics supports the idea that
the transition state has been destabilized in the
V21→T;F14→N and N23→G;F14→N mutants. 
Brønsted behaviour
As indicated above, subdomain 1 has many intermediate
f values. Intermediate values in the protein engineering
analysis are difficult to interpret as they could correspond
to partial formation of interactions or to a mixture of fully
folded and unfolded states arising from parallel pathways
[35]. Fersht et al. [35], by using simple physicochemical
reasoning, have shown that it is possible to distinguish
between these two possibilities by performing a Brønsted
plot analysis. If there are simple relationships between
the rate constants and the changes in interaction energies,
and assuming that all mutations are probing the same
degree of structure formation, the natural logarithm of 
the unfolding rate constant should follow the Brønsted
equation:
ln ku = ln kou + (1–F) GF–U / RT (5)
where kou is the rate constant of unfolding of the wild-type
protein and F is a constant related to the degree of
structure formation. In Figure 4, we plot the variation in
the ln ku versus the difference in energy between the
pseudo-wild-type (F14→N) and the different mutants
affecting the hydrophobic cores of this region. A very good
linear correlation is seen between these two variables with
1– = 0.56 ± 0.09 (r=0.95), thus indicating that in this sub-
domain, there is partial formation of interactions in the
transition state.
Discussion
Structure of the transition state in CheY
The structure of the transition state obtained from the 
analysis of the unfolding reaction of CheY is quite
peculiar, with the first half of the molecule (subdomain 1)
partly folded and the second half (subdomain 2) com-
pletely disorganized. In the first half of the molecule, the
intermediate  values do not seem to be due to the
presence of two populations of transition state with dif-
ferent structure but to a weakening of native interactions
as is illustrated with the Brønsted plot. These intermedi-
ate values are found in polar residues partly exposed
(D12, D13, D38 and D57) and not only in buried
hydrophobic residues. It seems that there is no clear-cut
differentiation between residues in the core and non-core
residues and that this subdomain folds as a single cooper-
ative unit in which secondary and tertiary structure is
formed simultaneously, as described in CI-2 [22]. The
structure in the transition state of subdomain 1 looks like
an uniformly expanded form of the folded structure as
shown by the approximately linear relationship between
G‡–F and GU–F (Fig. 5). The slope of the plot is 0.4,
which is equivalent to an average  value of 0.4, indica-
ting that 40% of the free energy of the interactions is lost
between the folded and transition state for unfolding in
this subdomain, compared to 30% for CI-2 [22]. Only
mutations located on helix 1 (V21→T;F14→N,
N23→G;F14→N) seem to deviate from this model, as in
all cases they result in negative  values. It seems that
any change in the stability (N23→G;F14→N) or packing
(V21→T;F14→N) of this helix against the rest of sub-
domain 1 modifies or disrupts the structure of the transi-
tion state and therefore it implies that -helix 1 could be
playing a critical role in the folding of CheY. The same
plot performed for subdomain 2 results in a slope of 
0.92 (Fig. 5), thus indicating that on average almost all
the interaction free energy is lost in the transition state
for unfolding. 
Compaction of the transition state and comparison to the
folding intermediate
The comparison between the m‡ value and the equilib-
rium m shows that the transition state is as compact as that
of barnase (~70–75% of the surface exposed in the
unfolded state buried in the transition state). In CI-2, the
ratio between m‡ and the equilibrium m value indicates
that its transition state is less compact [14] (60% of the
surface exposed in the unfolded state buried in the tran-
sition state [22]). As we have seen above, however, the
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extent of formation of native-like structure, in CheY tran-
sition state, is quite reduced and confined to the first
subdomain. The kinetic folding intermediate of wild-type
CheY was found earlier to have around 94% of the native
far-UV circular dichroism (CD) signal and ~80% of the flu-
orescence signal [31]. Mutation of the solvent-exposed
F14→N results in a significant destabilization of this
kinetic folding intermediate, as well as in an increase of
the slope m, suggesting that F14 is partly buried in the
unfolded state under native conditions and in the folding
intermediate [31].
These different results are at a first glance quite contra-
dictory. On one hand, we have a transition state that looks
quite disorganized but compact, and on the other hand,
the folding intermediate has significant fluorescence and
secondary structure and some non-native interactions (F14
partly buried). One explanation for these discrepancies
could be that the kinetic intermediate represents a kineti-
cally trapped species that has significant secondary struc-
ture but little native-like tertiary structure. Going to the
transition state will involve some reorganization of the
protein, probably breaking non-native interactions. The
transition state will also be a collapsed form of the protein
in which these non-native interactions have been removed
and some organized tertiary structure appears around the
first -helix-forming subdomain 1.
Stability and secondary structure propensities of
subdomains 1 and 2
CD and NMR analysis of peptides corresponding to the
five -helices of CheY have shown that only helices 1 and
5 exhibit a significant helical population in water solution
[36]. Both helices are quite amphipatic and tend to aggre-
gate [36]. We should expect, therefore, to find them made
early in the folding reaction. Similar results were found in
a NMR analysis of barnase in which in the denatured
state -helices 1 and 2 have some residual structure, but
only -helix 1 is a nucleation site [37]. This indicates, as
has been previously mentioned [9], that there is not a
direct relationship between secondary structure propensi-
ties of amino acid sequences and nucleation centers for
protein folding. A preliminary analysis of the proton
exchange rate of the double mutant F14→N;P110→G
indicates that those protons that exhibit a large degree of
protection are localized in subdomain 1, with the excep-
tion of some on helix 5 (E Lacroix, M Bruix, E López-
Hernández, L Serrano & M Rico, unpublished data). All
these data suggest that the reason for the region we term
subdomain 2 adopting its native-like conformation late in
the folding pathway of CheY cannot be ascribed to poor
secondary structure propensities of its elements, as in
both domains one -helix is stable (-helix 1 in sub-
domain 1 and -helix 5 in subdomain 2), but rather to its
poor overall stability, as shown by the proton-exchange
experiments.
Comparison with CI-2 and barnase
As we mentioned in the Introduction, the folding process
in CI-2 and barnase is quite different. In CI-2, there are
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Figure 4
Brønsted plot for mutants: V10→T;F14→N, V11→T;F14→N,
V21→T;F14→N, V33→T;F14→N, V54→T;F14→N, A36→G;F14→N
and A42→G;F14→N. On the Y axis we show the natural logarithm of
the unfolding rate constants, and on the X axis we show the difference
in free energy of unfolding with respect to the wild-type protein,
divided by RT.
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Figure 5
Plot of G‡–F versus GU–F for the unfolding in water of CheY. The
linear regression for the mutants in subdomain 1 (empty circles) and 2
(filled circles) are shown.
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no folding intermediates and the transition state seems to
be an expanded form of the folded state in which no
single structure is fully native [14]. In barnase, there is a
folding intermediate and in the transition state several
regions are either completely folded or unfolded, with a
rate-limiting step that is the rearrangement and proper
docking of the secondary structure elements [9]. CheY
exhibits a mixed behaviour. On one hand, there is a
folding intermediate that is stabilized by non-native inter-
actions and that has significant secondary structure and
fluorescence. On the other hand, it seems that in the tran-
sition state a whole region of the protein is compact but
not folded (subdomain 2), and the other (subdomain 1)
resembles CI-2. This is similar behaviour to mutants in
barnase in which the domain containing its first -helix
is severely destabilized and becomes unfolded in the
transition state [10].
It seems that part of the rate-limiting step in the folding
reaction of CheY could be the partial formation of native-
like structures around -helix 1, on which the second sub-
domain will fold rapidly (Fig. 6). As we mentioned above,
-helix 1 of CheY populates significantly the helical con-
formation in aqueous solution (≈15%). Full stabilization of
this amphipatic helix requires the packing against
hydrophobic residues coming from different parts of the
protein making a small nucleus around which the rest of
the subdomain 1 folds. As in the case of CI-2 [22],
formation of this nucleus immediately drives the rest of
subdomain 1 to condense around it and consequently the
nucleation becomes part of the rate-limiting step in CheY.
However, differently from CI-2, there is a second sub-
domain that is not folded until after the major rate-limit-
ing step. We cannot distinguish whether this subdomain
nucleates independently of subdomain 1 and then docks
on the first subdomain, or rather if the second subdomain
folds and consolidates using the first subdomain as a
nucleation point. The folding mechanism of at least sub-
domain 1 of CheY fits to a nucleation/condensation 
model as for CI-2 [22]. These results indicate that
although we can establish a relationship between the size
of a protein and the presence of kinetic stable intermedi-
ates [17,21], there are no general rules that relate the size
of a protein to the structure of its transition state. The
complexity and relative stability of the protein substruc-
tures, which is partly related to the size, could be more
important for determining the structure of the transition
state in proteins [22].
Recently, a theoretical description of protein folding
based on the statistical energy landscape approach [38] has
been presented. On the basis of this analysis, it has been
proposed that different proteins fold following different
scenarios that will depend on the position of the rate-lim-
iting step and of the glass transition (if present under the
experimental conditions). Therefore, the transition states
analyzed by protein engineering in different proteins
should have different structures, depending on their posi-
tion in the reaction coordinate and on the presence or
absence of glass transitions. More proteins need to be ana-
lyzed in the same way in order to find relationships
between size, sequence and folding behaviour.
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Figure 6
A unified scheme for the folding of barnase,
CI-2 and CheY, based on that published by
Otzen and co-workers [22].
Multi-nucleation/condensation
Nucleation/condensation
Rate determining for
CI-2 and single modules
of some multi-modular
proteins (subdomain 1 of CheY)
Hierarchical assembly
(docking/consolidation)
Rate determining
for barnase and
some multi-modular
proteins
Material and methods
Mutagenesis, protein expression and purification
The wild-type or the point mutation F14→N [31] CheY clones from E.
coli were used as templates for mutagenesis using a method based on
the polymerase chain reaction [39]. The mutated genes were sub-
cloned and the proteins expressed and purified as previously indicated
[40]. Protein concentration was determined following the method of
Gill & von Hippel [41].
Chemical denaturation experiments
These were carried out as described previously [30], except for the
fact that we found that in some mutants the fluorescence of the folded
state changes with urea concentration. Accordingly, a linear depen-
dence of the fluorescence emission of the folded state with urea was
introduced in the fitting equation [17]. All experiments were performed
in 50 mM N-Pipes pH 7.0 at 25°C, unless otherwise specified.
Kinetic measurements
All experiments were performed in 50 mM N-Pipes pH 7.0 at 25°C,
unless otherwise specified. The same conditions and stopped-flow
instrument previously used [31] were used here. 
Analysis of the energetics
The free energy changes of the transition state (G‡–F) upon muta-
tion were calculated using the following equation:
G‡–F = –RT ln (ku/ku′) (6)
where ku and ku′ are the rate constants of unfolding for the wild-type
and mutant, respectively. The  values that provide information about
the degree of formation of the interactions broken upon mutation in the
transition state, are calculated by equation 7:
 = 1 – (G‡–F/GU–F) (7)
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